Here we report the development of a myopathic phenotype in skeletal and cardiac muscle-specific LKB1 knockout (mLKB1-KO) mice. The myopathic phenotype becomes overtly apparent at 30 -50 wk of age and is characterized by decreased body weight and a proportional reduction in fast-twitch skeletal muscle weight. The ability to ambulate is compromised with an often complete loss of hindlimb function. Skeletal muscle atrophy is associated with a 50 -75% reduction in mammalian target of rapamycin pathway phosphorylation, as well as lower peroxisome proliferator-activated receptor-␣ coactivator-1 content and cAMP response element binding protein phosphorylation (43 and 40% lower in mLKB1-KO mice, respectively). Maximum in situ specific force production is not affected, but fatigue is exaggerated, and relaxation kinetics are slowed in the myopathic mice. The increased fatigue is associated with a 30 -78% decrease in mitochondrial protein content, a shift away from type IIA/D toward type IIB muscle fibers, and a tendency (P ϭ 0.07) for decreased capillarity in mLKB1-KO muscles. Hearts from myopathic mLKB1-KO mice exhibit grossly dilated atria, suggesting cardiac insufficiency and heart failure, which likely contributes to the phenotype. These findings indicate that LKB1 plays a critical role in the maintenance of both skeletal and cardiac function. adenosine 5=-monophosphate-activated protein kinase; mitochondria; cardiac myopathy; mammalian target of rapamycin; adenosine 3=,5=-cyclic monophosphate response element binding protein LIVER KINASE B1 (LKB1) WAS first characterized as a tumorsuppressing protein, the mutation of which leads to PeutzJehgers syndrome, a condition characterized by intestinal polyps and an increased risk for contracting a variety of cancers (11). LKB1 phosphorylates members of the AMP-activated protein kinase (AMPK) family of protein kinases (16). Of the 14 AMPK family members, by far the best characterized are AMPK-␣ 1 and -␣ 2 , which play important roles in cell metabolism and growth (35).
mLKB1-KO mice appear to be healthy and without any obvious deficits in normal cage-based activity or behavior. However, when placed in a cage with an activity wheel, voluntary running is substantially lower in mLKB1-KO mice, as is forced treadmill running capacity (30) . These deficits may be at least partly due to decreased contents of transcription factors and enzymes associated with mitochondrial biogenesis (14, 30) , or fatty acid oxidation rates (27) in muscles from mLKB1-KO mice. This would be consistent with the known function of AMPK in stimulating mitochondrial biogenesis (33) .
We subsequently observed the overt development of a severe myopathic phenotype, particularly of the hindlimb musculature in mLKB1-KO mice, which becomes apparent after ϳ30 wk of age, on average. The purpose of this study was to characterize this myopathy and to determine potential factors involved in the dysfunctional phenotype.
MATERIALS AND METHODS
Generation of mLKB1-KO mouse. As previously described (30) , mLKB1-KO mice were generated on an albino FVB background strain by crossing mice expressing a floxed LKB1 gene with mice expressing Cre recombinase under the muscle creatine (Cr) kinase promoter. Genes driven by this promoter are only expressed in skeletal and cardiac muscle. Homozygous floxed LKB1-expressing mice (without Cre expression) were used as controls (CTRL). Genotype was determined by PCR using primers for floxed LKB1 and Cre and verified by Western blotting for LKB1. Before experimentation, all experimental procedures involving animals were approved by and performed in compliance with the Institutional Animal Care and Use Committee of Brigham Young University.
In-cage activity measurement. Daily ambulatory cage activity of healthy 2-to 3-mo-old (n ϭ 9) and healthy or myopathic 6-to 7-mo-old (n ϭ 4 -11) mice was measured for 3 consecutive days with a computer attached to an infrared beam-based activity monitoring system (Columbus Instruments, Columbus, OH).
Tissue collection. Female mLKB1-KO mice develop a dysfunctional hindlimb phenotype typically between 6 and 11 mo of age. Skeletal muscle and heart tissue was harvested from female mLKB1-KO and littermate CTRL mice in the fed state under 2.5% isoflurane anesthesia in supplemental oxygen ϳ2 wk after development of dysfunction, which ranged from 21 to 49 wk of age. Specific age ranges for each cohort of mice used for individual experiments are indicated in Figs. 1-7 legends. Tissue for protein analysis was snapfrozen between metal tongs at the temperature of liquid nitrogen. Tissue for histochemical analysis was embedded in OCT medium and then frozen in isopentane chilled to the temperature of liquid nitrogen. Tissues were then stored at Ϫ95°C until analysis.
In situ muscle contraction. To directly assess muscle function in the context of mLKB1 deficiency, measurement of in situ contractile function and fatigue of the gastrocnemius-plantaris-soleus (GPS) complex was made essentially as reported previously (9) . Briefly, following anesthesia along with continuous supplemental oxygen, tetanic contractions were elicited in CTRL and mLKB1-KO mice (n ϭ 8 -9) via direct stimulation of the sciatic nerve (2-4 V) for 10 min using a Grass S88X stimulator (15 trains/min, 100-ms train duration, 150-Hz pulse frequency). Twitch contractions were elicited in mice (n ϭ 7-10) during separate experiments at a rate of 2 pulses/s. Tension was measured using a Grass force-displacement transducer FT03, and data were collected and analyzed with Labscribe2 software. Data were analyzed for peak force, fatigue, rate of force development, and relaxation times.
Determination of high-energy phosphates. Metabolites relevant to high-energy phosphate metabolism [ATP, ADP, AMP, IMP, phosphocreatine (PCr), and Cr] were measured from contracted muscles and from the corresponding rested muscle on the contralateral leg, as done previously (9) . Briefly, metabolites were extracted by homogenizing muscle in cold 3.5% perchloric acid, followed by centrifugation to remove protein and neutralization with tri-n-octylamine and 1,1,2-trichlorotrifluoroethane (4). Adenine nucleotides (ATP, ADP, and AMP) and IMP were quantified by reverse-phase HPLC, as described previously (31) . PCr and Cr concentrations were quantified by ion-exchange HPLC (31, 34) . Metabolites were expressed as micromoles per gram wet weight and corrected to the total Cr content of rested muscle (30 mmol/g wet wt) to account for fluid shifts that occur in response to muscle contractions.
Myosin ATPase stain. Muscle fiber-type and cross-sectional area was determined using methods slightly modified from those of Brooke and Kaiser (3). Transverse medial gastrocnemius muscle sections (10 m) from six to seven mice per group were cut on a cryostatmicrotome at Ϫ20°C and stained for myosin ATPase following incubation at pH 4.4. Stained sections were viewed under a light microscope, and digital images were captured on a computer with imaging software. Muscle fiber cross-sectional areas of type I and II fibers were determined using computerized planimetry. At least 50 muscle fibers representing types I, IIA/D, and IIB for each sample were measured, and a mean cross-sectional area was calculated for each fiber type.
Transmission electron microscopy. Plantaris muscles (n ϭ 2-3) were excised, cut into 1mm ϫ 2mm ϫ 1mm blocks, and immersed in 2% gluteraldehyde for 2 hrs. Samples were then incubated in osmium tetroxide for two h. After removal of osmium tetroxide the samples were incubated in uranium acetate overnight. Dehydration of the samples was carried out with sequential 10-min washes in 10%, 30%, 50%, 70%, 95% acetone and then three 10-min washes in 100% acetone. The samples were then incubated in a 2:1 acetone/Spurrs epoxy mixture for 1 h, followed by a 1:2 acetone/Spurrs epoxy mixture for 1 h, and 100% Spurrs epoxy for 1 h. The samples were embedded in 100% Spurrs epoxy and allowed to harden. 100nm sections were cut with a microtome and fibers were visualized by transmission electron microscopy.
Western blotting. Frozen muscles (n ϭ 8 per group) were homogenized in 19 (gastrocnemius and heart) or 29 (soleus) volumes (wt/vol) of homogenization buffer (50 mM Tris·HCl, 250 mM mannitol, 50 mM NaF, 5 mM sodium pyrophosphate, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 1 mM dithiothreitol, 1 mM benzamidine, 0.1 mM phenylmethylsulfonyl fluoride, and 5 g/ml soybean trypsin inhibitor; pH 7.4) and clarified by centrifugation at 800 g and 4°C. Protein concentration of the homogenates was determined (DC Protein Assay, Biorad, Hercules, CA), and equal muscle protein was loaded on Tris·HCl gels (Bio-Rad Criterion System, Hercules, CA). Proteins were then transferred to polyvinylidene difluoride membranes, which were subsequently stained with Ponceau S to verify even transfer and protein loading across lanes. After blocking in 5% nonfat dry milk, membranes were incubated in primary antibody diluted in 1% BSA overnight at 4°C, washed again, and then incubated in secondary antibody diluted in 1% nonfat dry milk for 1 h at room temperature. Horseradish peroxidase activity was then detected using autoradiographic film (Classic Blue Sensitive; Midwest Scientific, St. Louis, MO). Relative band intensity was quantified using the Spot Denso function of AlphaEaseFC software (Alpha Innotech, San Leandro, CA). All primary antibodies were from Cell Signaling Technology (Beverly, MA), unless indicated otherwise. Flag-tagged recombinant mouse peroxisome proliferator-activated receptor-␣ coactivator-1 (PGC-1␣) was used to verify the efficacy of the PGC-1␣ antibody (courtesy of Dong-Ho Han from Dr. John Holloszy's laboratory, Washington University). Primary antibodies used were as follows: LKB1 (no. 07-694; Upstate, Lake Placid, NY), PGC-1 (no. 516557; Calbiochem, La Jolla, CA), cytochrome c (no. 13156; Santa Cruz, Santa Cruz, CA), phospho-mammalian target of rapamycin (mTOR) (Ser2448; no. 2971), total mTOR (no. 2983), phospho-S6 kinase (S6k) (Thr389; no. 9234), total S6k (no. 2708), phospho-S6 (Ser235/236; no. 2211), total S6 (no. 2217), phospho-eukaryotic initiation factor 4E-binding protein (4EBP1) (Thr37/46; no. 2855), total 4EBP1 (no. 9452), phospho-eukaryotic elongation factor 2 (eEF2) (Thr56; no. 2331), total eEF2 (no. 2332), phospho-Akt (Ser473; no. 9271), total Akt (no. 9272), phospho-cAMP response element binding protein (CREB) (Ser131; no. 9191), phospho-proline-rich Akt substrate of 40 kDa (PRAS40) (Thr246; no. 2997), total PRAS40 (no. 2691), phospho-glycogen synthase kinase-3␤ (GSK3) (Ser21/9; no. 9331).
Determination of capillarity. Eight-micrometer medial gastrocnemius muscle cross sections were cut onto glass slides, air dried, and fixed in acetone at 4°C for 10 min. Sections were permeabilized with 0.3% Triton X-100 in PBS for 10 min at 4°C, blocked in 5% normal goat serum for 30 min at room temperature, then incubated overnight in a 1:50 dilution of CD31 antibody (Serotech no. MCA2388GA) in 5% normal goat serum. After washing 3 ϫ 5 min in PBS, sections were then incubated in the dark in a 1:100 dilution of cy3-conjugated goat anti-rat IgG secondary antibody (Jackson Immunoresearch) for 30 min at room temperature. Slides were washed again in PBS, then mounted with coverslips and visualized with fluorescence microscopy. The total number of capillaries and muscle fibers per field were counted, and capillary-to-fiber ratio was calculated.
Citrate synthase activity assay. Citrate synthase activity (n ϭ 8/group) was determined on diluted raw homogenates using the method described by Srere (26) .
Statistics. The data are expressed as means Ϯ SE. Comparisons between mLKB1-KO and CTRL mice were made using Student's t-test. Results were considered significant at P Ͻ 0.05.
RESULTS
Muscle-specific LKB1 deletion leads to weight loss and muscle myopathy in female mice. Young mLKB1-KO mice are indistinguishable from their CTRL littermates. However, while attempting to raise mice for use in metabolic studies in old age, we observed the development of a crippling dysfunction of the hindlimbs in female mLKB1-KO mice that occurs as early as 21 wk of age, but at 30 wk of age on average. We have subsequently noted the development of a similar phenotype in male mice. However, all observations reported herein are on female mice, unless otherwise noted.
On average, the body weight of mLKB1-KO mice plateaus at ϳ25-26 wk of age and thereafter begins to decline, while the body weight of littermate CTRL mice continues to increase (Fig. 1A) . By 29 wk of age, the difference in body weight between CTRL and mLKB1-KO mice is statistically significant. At approximately the same time as the onset of weight loss, the mLKB1-KO mice develop the dysfunctional-hindlimb phenotype. The onset of overt myopathy is most common at ϳ30 wk of age, and, by 36 wk of age, approximately twothirds of the mice are affected. By 1 yr, ϳ90% of all female mice develop the myopathic phenotype. The severity of dysfunction is variable, but, in subjective terms, with hindlimb extension the legs appear stiff and rigid, as if relaxation is impaired. Thus ambulation is very difficult for the animal. Commonly, at later stages, the mouse is only able to ambulate using its forelimbs (see videos 1 and 2 in supplemental materials; the online version of this article contains supplemental data.).
Fast-twitch skeletal muscle atrophy occurs with mLKB1-KO. Muscle mass decreases proportionally with body weight, but primarily in fast-twitch, weight-bearing muscles (Fig. 1B) . At the time of death (1-2 wk after development of overt myopathy), gastrocnemius muscle weight is decreased significantly by ϳ18% (93.4 Ϯ 2.3 vs. 77.1 Ϯ 4.1 mg) in mLKB1-KO mice. The non-weight-bearing tibialis anterior (TA) muscle is 9% smaller in mLKB1-KO mice, but this difference was not significant. The slow-twitch soleus muscle weight was likewise not significantly different between genotypes. In agreement with this, the cross-sectional area of type I muscle fibers from the medial gastrocnemius is not affected by genotype, while type II fibers are significantly smaller in mLKB1-KO medial gastrocnemius muscle (Fig. 1C) . Weights of some internal organs (liver and spleen) are also reduced in myopathic mLKB1-KO mice (data not shown).
In-cage activity progressively decreases in mLKB1-KO mice. To determine whether a decline in activity precedes the development of overt myopathy, we measured activity levels of 2-to 3-mo-old and 6-to 7-mo-old mLKB1-KO and CTRL mice using an infrared beam-based monitoring system. Young mLKB1-KO mice are normally active ( Fig. 2A) . At 6 mo of age, however, activity levels of apparently healthy mLKB1-KO mice, with no overt myopathy, were ϳ54% lower than those of CTRL littermates, and activity of myopathic mLKB1-KO mice was predictably approaching zero (Fig. 2B) .
Skeletal muscle atrophy is associated with decreased mTOR pathway activation. The importance of the mTOR signaling pathway in the regulation of muscle size is well established. Activation of AMPK is known to inhibit activation of the mTOR signaling pathway in skeletal muscle (2, 28) , and it might be expected that activation of mTOR in mLKB1-KO muscles would be enhanced. However, with the pronounced Fig. 1 . Muscle-specific deletion of liver kinase B1 knockout (mLKB1-KO) leads to weight loss and atrophy of type II skeletal muscle in mLKB1-KO. A: body weight over time for female mLKB1-KO mice and littermate controls (CTRL); n ϭ 17-23 mice per time point. B: body weight and whole muscle weight for gastrocnemius (gastroc), tibialis anterior (TA), and soleus muscles in mLKB1-KO vs. littermate CTRL mice; n ϭ 9/group at 30 -45 wk of age (after onset of myopathy in mLKB1-KO mice). C: type I, IIA/D, and IIB muscle fiber areas in mLKB1-KO vs. CTRL medial gastrocnemius muscles; n ϭ 6 -7/group. Mice were killed at 30 -45 wk of age (after development of myopathy in mLKB1-KO mice). Values are averages Ϯ SE. *Significant (P Ͻ 0.05) difference between mLKB1-KO and CTRL.
atrophy in these muscles, we hypothesized that mTOR activity would be reduced. Despite the lack of LKB1 and essentially absent AMPK phosphorylation/activation (data not shown), phosphorylation of mTOR, S6k, and rpS6 (downstream components of the mTOR pathway) were all greatly decreased (34, 25 , and 48% of CTRL values, respectively) in the gastrocnemius muscle of mLKB1-KO mice compared with CTRLs, while phosphorylation of 4EBP1 at Thr37/46 and that of eEF2 were unchanged (Fig. 3A) . Total protein levels for mTOR and S6 were also reduced significantly in mLKB1-KO muscles (by 45 and 59%, respectively). Total 4EBP1 content was elevated by 42% (Fig. 3B) . Phosphorylation of 4EBP1 prevents its ability to downregulate translational initiation by sequestering eIF4E. Since 4EBP1 phosphorylation was unaffected by genotype, the observed increase in total 4EBP1 indicates that the level of unphosphorylated, active 4EBP1 was elevated, which is also consistent with the atrophic phenotype. S6k and eEF2 protein contents were unaffected by genotype (Fig. 3B) .
Since activation of mTOR in response to growth factor stimulation and insulin is dependent on Akt, we hypothesized that its phosphorylation would, like mTOR, be decreased. Contrary to our hypothesis, phosphorylation of Akt at Ser473 tended to be elevated (61% greater than CTRL; P ϭ 0.09) in mLKB1-KO muscles, as did phosphorylation of the Akt target GSK-3␤ (67% greater than CTRL; P ϭ 0.06). Surprisingly, phosphorylation of PRAS40 at Thr246, another potential Akt target protein, was significantly decreased by 39% in mLKB1-KO muscles (Fig. 3C) . Total Akt and PRAS40 content was not different between genotypes.
Skeletal muscle fatigability and relaxation time are increased in muscle from myopathic mLKB1-KO mice. To determine whether skeletal muscle performance was affected in mLKB1-KO mice, we measured in situ force production and fatigue of the GPS muscles from myopathic mLKB1-KO mice and littermate CTRL mice. The absolute maximum tetanic tension and peak twitch tension was significantly lower in mLKB1-KO mice (Table 1) . However, when tension was normalized to the weight of the GPS, no difference in force production was observed between genotypes. The rate of force production for tetanic contractions was not different between groups (data not shown). In response to a fatiguing protocol of 15 tetanic contractions/min, mLKB1-KO mice exhibited significantly greater fatigue than the CTRL mice (Fig. 4A) . Consistent with a compromised energetic state, mLKB1-KO mus- Fig. 2 . In-cage ambulatory activity progressively declines in mLKB1-KO mice. A: in-cage ambulatory activity at 2-3 mo of age for mLKB1-KO and littermate CTRL mice; n ϭ 9/group. B: in-cage activity at 6 -7 mo of age for healthy mLKB1-KO, healthy CTRL, and myopathic mLKB1-KO mice; n ϭ 11 CTRL, 7 healthy mLKB1-KO, 4 myopathic mLKB1-KO. Values are averages Ϯ SE.
cles also displayed slower relaxation rates compared with the CTRL mice during fatiguing contractions (Fig. 4B) .
High-energy phosphate metabolites were measured in GPS muscles at rest and following a 10-min series of tetanic contractions (15/min). Resting concentrations of PCr and Cr were not different between genotypes (PCr 14.1 Ϯ 0.58 and 14.2 Ϯ 0.48; Cr 14.1 Ϯ 0.97 and 16.7 Ϯ 0.77 in CTRL compared with mLKB1-KO muscles, respectively). Furthermore, resting concentrations of each of the metabolites measured were not different between the two genotypes ( Table 2) . Following 10 min of tetanic contractions (15/min) a significantly greater reduction in ATP and PCr was observed in mLKB1-KO muscle (Table 2 ). This corresponded with a greater accumulation of IMP in mLKB1-KO muscle as well (Table 2) . Thus the increased fatigue and slowed relaxation kinetics are consistent with compromised capacity for ATP production in the mLKB1-KO muscle.
Increased fatigability is associated with decreased mitochondrial content in muscle from myopathic mLKB1-KO mice. To determine contributing factors in the fatigability of mLKB1-KO muscle, we measured mitochondrial protein content in the muscles of mLKB1-KO mice and hypothesized that, like young, healthy mLKB1-KO mice (30), they would be lower in muscle from myopathic mLKB1-KO mice. Indeed, content of many mitochondrial enzymes was decreased in mLKB1-KO gastrocnemius muscle (Fig. 5A) , including components of complexes 1 (decreased 34%) and 2 (decreased 31%), Core2 (complex 3; decreased 78%), Cox1 (complex 4; decreased 57%), and cytochrome c (decreased 40%). Citrate synthase activity was 40% lower in mLKB1-KO gastrocnemius muscles and 63% lower in the heart in mLKB1-KO vs. CTRL mice (Fig. 5B) .
PGC-1␣ is an important cofactor in the transcription of mitochondrial genes. We observed a decrease of ϳ40% in PGC-1␣ levels in the mLKB1-KO muscles. Some concern exists concerning the specificity of the commercially available antibodies against PGC-1␣. The PG-1␣ antibody from Calbiochem detected a band of ϳ109 kDa in our gastrocnemius muscle samples. As positive controls we ran brown adipose tissue and recombinant PGC-1 protein alongside the muscle samples (see supplemental data). As expected, the putative Fig. 3 . Phosphorylation of mammalian target of rapamycin (mTOR) pathway proteins is decreased in myopathic mLKB1-KO gastrocnemius muscles. A: phosphorylation (p) of the mTOR, p70 ribosomal protein S6 kinase (S6K), ribosomal protein S6 (S6), eukaryotic initiation factor 4E binding protein (4EBP1), and eukaryotic elongation factor 2 (eEF2) in gastrocnemius muscles from mLKB1-KO (KO) and littermate CTRL (C) mice. Mice were killed at 40 -49 wk of age (after development of myopathy in mLKB1-KO mice). B: total protein content for mTOR (t-mTOR), S6k (t-S6k), S6 (t-S6), 4EBP1 (t-4EBP1), and eEF2 (t-eEF2) in gastrocnemius muscles from KO and C mice. Mice were killed at 40 -49 wk of age (after development of myopathy in mLKB1-KO mice). C: phosphorylation of Akt, glycogen synthase kinase-3␤ (GSK3), and proline-rich Akt substrate of 40 kDa (PRAS40) in gastrocnemius muscles from KO and C mice; n ϭ 8/group. Mice were killed at 21-36 wk of age (after development of myopathy in mLKB1-KO mice). Values are averages Ϯ SE. *Significant (P Ͻ 0.05) difference between mLKB1-KO and CTRL. Values are means Ϯ SE; n ϭ 6 -9 animals/group at 26 -53 wk of age (after onset of overt myopathy). CTRL, littermate control mice; mLKB1-KO, muscle-specific LKB1-knockout mice. *P Ͻ 0.05 compared with CTRL.
PGC-1␣ band for brown adipose tissue was very strong and ran at the same molecular weight as in the muscle samples. The antibody also strongly detected recombinant PGC-1␣, which ran slightly slower than the muscle and adipose tissue bands due to the associated flag-tag. Therefore, our antibody detects PGC-1␣, although we cannot say with certainty that a confounding protein of the same molecular weight as PGC-1␣ is not also detected by this antibody. However, since we also observed decreased expression of mitochondrial proteins whose expression is regulated by PGC-1␣, it is likely that the observed decrease in band intensity in the mLKB1-KO muscles is due at least in part to decreased PGC-1␣ protein content, which was 40% lower in mLKB1-KO vs. CTRL gastrocnemius muscles. (Fig. 5C) .
The transcription factor CREB is also involved in mitochondrial gene expression in muscle (8) . Although CREB protein content was unchanged with genotype (data not shown), phosphorylation of CREB, which corresponds to increased activity, was decreased by 40% in both gastrocnemius and heart muscle from mLKB1-KO vs. CTRL mice (Fig. 5D) . As observed by electron microscopy, mitochondrial content and thickness of the subsarcolemmal layer were clearly reduced (Fig. 5E) .
Muscle fiber-type distribution and capillarity is altered in myopathic mLKB1-KO mice. The percentage of type I fibers, as assessed by myosin ATPase staining, is unaltered by genotype (CTRL ϭ 14.1 Ϯ 0.03%, mLKB1-KO ϭ 12.7 Ϯ 0.04%), but we observed a shift from type IIA/D (CTRL ϭ 17.3 Ϯ 3.0%, mLKB1-KO ϭ 7.0 Ϯ 1.4%) toward the less oxidative type IIB fibers (CTRL ϭ 68.6 Ϯ 5.8%, mLKB1-KO ϭ 80.4 Ϯ 4.0%) in myopathic mLKB1-KO medial gastrocnemius muscles (Fig. 6A) . Although not significantly different, the number of capillaries per muscle fiber tended (P ϭ 0.07) to be lower in mLKB1-KO gastrocnemius muscle (Fig. 6B) .
Gross atrial dilation occurs in mLKB1-KO mice. Skeletal muscle atrophy and dysfunction is common in cardiac failure, suggesting that heart failure might play a role in the skeletal muscle dysfunction in mLKB1-KO mice. Consistent with this hypothesis, gross atrial dilation and discoloration were observed in all myopathic mLKB1-KO mice (Fig. 7A) , suggesting cardiac insufficiency, which confirms a recent report of congestive heart failure in cardiac muscle-specific mLKB1-KO mice (12) . While absolute heart weight ( Fig. 7B) is not increased (111 Ϯ 3.2 in CTRL and 115 Ϯ 4.4 mg in mLKB1-KO mice), heart-to-body weight ratio (Fig. 7C) is significantly increased in female mLKB1-KO mice (4.5 Ϯ 0.1 vs. 5.7 Ϯ 0.2 mg/g).
DISCUSSION
Here we have described the development of a dysfunctional, myopathic phenotype in mice lacking LKB1 in skeletal and cardiac muscle. This condition is characterized by decreased ambulatory activity, generalized atrophy and weight loss, and crippling skeletal muscle dysfunction, particularly in the hindlimbs. The dysfunction is also associated with a specific decrease in type II muscle fiber area, a shift from type IIA/D to Fig. 4 . In situ fatigue and relaxation time are increased in mLKB1-KO gastrocnemius-plantaris-soleus (GPS) complex muscles. A: in situ skeletal muscle force production from 15 tetanic GPS contractions/min, expressed as %initial force in mLKB1-KO and littermate CTRL mice. Contractions were elicited by sciatic nerve stimulation. B: 50 -75% relaxation time for in mLKB1-KO and CTRL GPS muscles during contraction bout described in A above; n ϭ 8 -9 mice/group. Mice were killed at 26 -53 wk of age (after development of myopathy in mLKB1-KO mice). Values are averages Ϯ SE. *Significant (P Ͻ 0.05) difference between mLKB1-KO and CTRL. type IIB muscle fibers, increased skeletal muscle fatigability, decreased mitochondrial content, and prolonged relaxation time in situ. These changes in the mLKB1-KO mice are associated with decreased mTOR pathway phosphorylation, CREB phosphorylation, and PGC-1 content, as well as decreased mitochondrial enzyme contents. Loss of mTOR, CREB, or PGC-1 activity through skeletal muscle-specific transgenic mouse models all lead to a myopathic phenotype (1, 10, 22) , suggesting that they may play a role in the dysfunctional phenotype observed in our mLKB1-KO mice.
Since AMPK is known to inhibit mTOR activity, the loss of LKB1 would be expected to lead to increased mTOR activity (2, 28) . However, since mTOR is a major regulator of muscle size, we hypothesized that its activation, as assessed by levels of phosphorylated pathway proteins, would be decreased in the atrophying skeletal muscle from the mLKB1-KO mice. Indeed, we found that phosphorylation of mTOR and downstream mTOR targets S6k and S6 were greatly reduced in mLKB1-KO gastrocnemius muscles, suggestive of decreased protein synthesis.
Regulation of mTOR activity is complex, but the classic upstream mTOR activator is Akt. However, phosphorylation of Akt was not altered significantly by genotype, but instead tended to be elevated, suggesting that the reduction in mTOR activity was not due to decreased Akt activity. The tendency for elevated Akt phosphorylation in our fed mice is consistent with increased insulin-stimulated Akt activity in mLKB1-KO mice observed by Koh et al. (14) , potentially due to decreased TRB3 levels. Akt regulates mTOR, in part, through phosphorylation and subsequent sequestration of the mTOR inhibitor PRAS40 (32) . However, PRAS40 phosphorylation at the Akt site (Thr246) was significantly decreased in the mLKB1-KO mice, indicating that signaling through a pathway other than Akt is likely regulating this protein. PRAS40 phosphorylation at Thr246 under leucine stimulation is controlled by something other than Akt (24), suggesting that amino-acid signaling to the Fig. 5 . Mitochondrial content is decreased in mLKB1-KO skeletal muscle. A: skeletal muscle content of complex 1 (Cplx1), complex 2 (Cplx2), complex 5 (Cplx5), cytochrome-c oxidase (Cox1), core 2 of complex 3 (Core2), and cytochrome c (Cyto C) of the electron transport chain in mLKB1-KO and littermate CTRL mice; n ϭ 8/group. B: citrate synthase activity in gastrocnemius from mLKB1-KO and CTRL mice; n ϭ 8/group. C: peroxisome proliferatoractivated receptor-␣ coactivator-1 (PGC-1) content in the heart from mLKB1-KO and CTRL mice; n ϭ 8/group. D: phosphorylation of cAMP response element binding protein (CREB) at Ser133 in gastrocnemius from mLKB1-KO and CTRL mice. Mice were killed at 40-49 wk of age (after development of myopathy in mLKB1-KO mice), except for PGC-1␣, which were at 21-36 wk of age. Values are averages Ϯ SE. *Significant (P Ͻ 0.05) difference between mLKB1-KO and CTRL. E: representative transmission electron micrographs showing decreased thickness of subsarcolemmal mitochondrial layer (marked by arrows) in mLKB1-KO vs. CTRL plantaris muscle; n ϭ 3/group. mTOR pathway might be defective in mLKB1-KO mice. However, the most obvious defect in the pathway that could explain the decreased mTOR signaling is simply that mTOR levels were lower in the mLKB1-KO mice, suggesting that the defect may not be due to upstream signaling at all, but instead to a lack of mTOR available for activation. Since muscle inactivity through denervation can lead to decreased mTOR levels and phosphorylation (7), a likely mechanism for the decrease in mTOR levels is the progressive decline in in-cage activity that we observed in the mLKB1-KO mice. Regardless of mechanism, the decreased mTOR activity likely plays a role in the myopathic phenotype, since muscle-specific mTOR knockout leads to a similar dystrophic phenotype, albeit at an earlier age (22) .
Levels of PGC-1␣ were also decreased substantially in mLKB1-KO gastrocnemius muscles, as were levels for many mitochondrial proteins. Skeletal muscle-specific knockout of PGC-1␣ leads to a similar myopathic phenotype, as observed in our mLKB1-KO mice (10) . Although PGC-1␣ levels are regulated by skeletal muscle activity (25) , our laboratory previously reported decreased PGC-1␣ levels, along with decreased mitochondrial protein levels, in young, apparently healthy mice (30) at an age when basal in-cage activity is not different between genotypes, indicating that inactivity is not the primary mechanism for the decreased PGC-1␣ levels. Since AMPK is also known to regulate PGC-1␣ expression (13) , the lack of AMPK activity in the mLKB1-KO muscles likely plays an important role in this defect. It is possible that other AMPK family members that are activated by LKB1 may also play a role.
Similar to the knockout of mTOR and PGC-1␣, skeletal muscle-specific expression of a dominant-negative CREB construct also leads to skeletal muscle atrophy and dysfunction (1). It was determined that this myopathic phenotype was due in part to decreased CREB-dependent expression of salt-inducible kinase (SIK) and a resultant suppression of myocyte enhancer factor-2 activity through hyperactivity of histone deacytylase (HDAC) activity. We observed greatly reduced CREB phosphorylation in mLKB1-KO mice, suggesting that a similar mechanism may play a role in these mice as well. Additionally, SIK is an AMPK family member that is phosphorylated and activated by LKB1, and class II HDACs are also phosphorylated by AMPK (18) . Thus the lack of LKB1 may affect SIK1/HDAC signaling to MEF-2, both by CREB-dependent SIK expression, decreased LKB1-dependent SIK phosphorylation, and decreased LKB1-dependent AMPK phosphorylation. Further study will be required to determine whether the SIK/HDAC/ MEF-2 pathway is affected in mLKB1-KO mice.
In addition to the roles that decreased mTOR, PGC-1, and CREB activities may play in the development of the myopathic phenotype in the mLKB1-KO mice, heart failure, which independently leads to skeletal muscle atrophy and weakness (5, 6, 21) , is very likely an important contributing factor. Although we do not present any functional data characterizing heart performance in our mice, the atria are grossly dilated in mLKB1-KO mice, strongly suggesting the presence of cardiac insufficiency and failure. This observation is in agreement with a recent report indicating that cardiac-specific LKB1 knockout results in heart dysfunction and greatly increased rate of mortality associated with cardiac hypertrophy in male cardiac muscle-specific LKB1-KO mice (12) . The loss of body weight in our mLKB1-KO mouse is associated with atrophy of the skeletal muscle, as well as some internal organs (in which LKB1 levels are normal), suggesting that it is mediated, in part, by systemic factors, which may be derived from the failing heart. Although we are unaware of any evidence that heart failure alone can produce the extreme crippling phenotype observed in our mice (see Supplemental Videos 1 and 2), many of the observed differences between mLKB1-KO and CTRL skeletal muscle are consistent with changes observed in heart failure, such as atrophy, decreased capillarity, fiber-type shifting, and decreased PGC-1␣ and mitochondrial content (19) . Although the extent of these changes in heart failure is variable, it is likely that the heart is playing a role, to some extent, in our mice. However, as mentioned previously, the changes we observed in PGC-1␣ content, mitochondrial protein levels, and CREB phosphorylation all are present in young, apparently healthy mice, suggesting that these defects are likely primary to the LKB1 knockout and not secondary to heart failure. Thus we think it is likely that the myopathic phenotype in skeletal muscle may be either triggered by a failing heart and exacerbated by the lack of LKB1, or vice versa. This will be the topic of continuing research.
Despite the systemic nature of the atrophy that we observed in the mLKB1-KO mice, soleus muscle mass was not decreased, nor was the area for type I fibers lower in the medial Fig. 6 . Skeletal muscle fiber-type shifts away from type IIA/D in mLKB1-KO gastrocnemius muscle. A: fiber-type percentage for mLKB1-KO and littermate CTRL medial gastrocnemius muscles, as determined by myosin ATPase staining. B: capillary-to-muscle fiber ratio for CTRL and mLKB1-KO medial gastrocnemius muscles as determined by CD31 immunofluorescence; n ϭ 6 -7/group. Mice were killed at 30 -45 wk of age (after development of myopathy in mLKB1-KO mice). Values are averages Ϯ SE. *Significant (P Ͻ 0.05) difference between mLKB1-KO and CTRL.
gastrocnemius muscle of mLKB1-KO mice, despite a great reduction in gastrocnemius mass and fiber area for type II fibers. These findings are in general agreement with observations that oxidative muscle fibers are resistant against atrophy in a model of chronic heart failure (15). We do not know, however, whether muscle function is altered in the soleus of mLKB1-KO mice. It has been reported that muscle Cr kinasedriven expression of transgenic genes is ineffective in slowvs. fast-twitch muscle fibers (36) . However, LKB1 expression was knocked down to a similar extent in soleus and gastrocnemius muscles, indicating that this does not explain the lack of atrophy in the soleus. Interestingly, the TA muscle, despite being fast twitch, was not significantly smaller in mLKB1-KO vs. CTRL mice. Unlike the gastrocnemius muscle, the TA, being a dorsiflexor, is not a weightbearing muscle. Therefore, it appears that skeletal muscle myopathy in this model may be exacerbated by increased loading and/or energetic demand.
Although not significant, mLKB1-KO medial gastrocnemius muscles tended (P ϭ 0.07) to have a decreased capillary-tofiber ratio. If real, this effect is likely due, in part, to the lack of AMPK activity, which is thought to control the basal level of capillarity in skeletal muscle (38) , presumably by controlling the expression of vascular endothelial growth factor (20) .
Predictably, due to decreased muscle mass, absolute force production by the GPS complex in mLKB1-KO mice is much lower than by that of CTRL muscles. However, when normalized to muscle mass, peak force measures are similar between genotypes, suggesting that general muscle mechanics are not impaired in the context of chronic LKB1 deficiency. In contrast, in situ GPS fatigue was greater in mLKB1-KO muscles. This is consistent with the decreased voluntary running ability that we and others have previously observed in young mLKB1-KO mice (14, 30) . The increased fatigue is likely due, at least in part, to a reduction in mitochondrial content and capillarity of the mLKB1-KO muscle. We also noted a shift in fiber type away from type IIA/D muscle fibers, presumably toward type IIB fibers, which would be expected to confer less fatigue resistance on the muscle as a whole. Mitochondrial insufficiency in and of itself is capable of inducing skeletal muscle myopathy and may, therefore, contribute to other aspects of the dysfunctional phenotype observed besides fatigue. Decreased mitochondria are likely due, in part, to a reduction in PGC-1␣ content and CREB phosphorylation, which were both greatly reduced in the gastrocnemius. CREB is known to regulate basal mitochondrial biogenesis during muscle development (8) . Its phosphorylation is mediated by a number of kinases, including protein kinase A, mitogen-activated kinases, Ca 2ϩ / calmodulin-dependent protein kinase, GSK3, and, notably in the context of this study, AMPK (29) . In addition to decreased AMPK activity in mLKB1-KO mice, we also observed increased a strong, but insignificant, tendency for increased GSK3 phosphorylation. GSK3 is inhibited by phosphorylation at the measured site. Therefore, GSK3 and AMPK might both play a role in the decreased CREB phosphorylation that we observed in the myopathic mice. We did not measure any indicators of activity for any other CREB kinases.
In situ relaxation time was also increased in the mLKB1-KO muscles. Whether this is due to alterations in calcium handling by the cell, or is secondary to fatigue is not known, but it is consistent with the subjective analysis of the ambulatory movements of the myopathic mLKB1-KO mice in which the mice appear to have difficulty relaxing the hindlimbs after contraction.
In conclusion, we have characterized a myopathic phenotype in mLKB1-KO mice. The root causes of the skeletal muscle dysfunction observed in these mice are not clear, but likely involve mitochondrial insufficiency and other effects of decreased PGC-1␣ content, as well as decreased phosphorylation of CREB and mTOR, and/or cardiac cachexia. Our findings are Fig. 7 . Atrial dilation and increased cardiac weight relative to body weight in mLKB1-KO mice. A: gross atrial dilation in female mLKB1-KO vs. CTRL heart. B: absolute heart weight in female mKLB1-KO and CTRL mice; n ϭ 9/group. C: heart weight relative to body weight (BW) for female mLKB1-KO and CTRL mice; n ϭ 9/group. All mice were killed at 30 -45 wk of age (after development of myopathy in mLKB1-KO mice). *Significant (P Ͻ 0.05) difference between mLKB1-KO and CTRL.
indicative of an important role for LKB1 in skeletal muscle function.
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